EXHIBIT A 



DC-SIGN, a C-type lectin on dendritic cells that unveils many 
aspects of dendritic cell biology 

Teunis B. H. Geijtenbeek, Anneke Engering, and Yvette van Kooyk 

Department of Molecular Cell Biology, Vrije Universiteit Medical Center Amsterdam, The Netherlands 



Abstract: Dendritic cells (DC) arc present in es- 
sentially every tissue where they operate at the 
interface of innate and acquired innnunity by rec- 
ognizing pathogens and presenting pathogen-de- 
rived peptides to T cells, it is becoming clear that 
not all C-type lectins on DC serve as antigen recep- 
tors recognizing pathogens through cai'bohydrate 
structures. The C-type lectin DC-SIGN is unique in 
that it regulates adhesion processes, such as DC 
trafficking and T-cell synapse formation, as well as 
antigen capture. Moreover, even though several 
C-type lectins have been shown to bind HIV-1, 
DC-SIGN docs not only capture HlV-1 but also 
protects it in early endosomes allowing HlV-1 
transport by DC to lymphoid tissues, where it en- 
hances trans infection of T cells. Here we discuss 
the carbohydrate/protein recognition profile and 
other features of DC-SIGN that contribute to the 
potency of DC to control immunity. J. Leukoc. 
Biol. 71: 921-931; 2002. 
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DENDRITIC CELLS 

Dendritic cells (DC) are professional antigen presenting cells 
(A PC) that are positioned throughout peripheral tissues to act 
as sentinels against invading pathogens [1]. Their journey 
starts in the bone marrow where stem cells differentiate and 
migrate as precursor DC into the blood (Fig. 1). From there, 
immature DC seed the tissues where they monitor for invading 
pathogens, which they capture and process to antigenic frag- 
ments. Upon pathogen capture, immature DC receive activa- 
tion signals, which initiate their maturation and migration to 
secondary lymphoid organs in order to present the processed 
antigens to naive T cells and induce antigen-specific immune 
responses. Both maturation and migration of DC are carefuilv 
orchestrated by panoplies of cheniokines and adhesion mole- 
cules; chemokines control the differentiation stages of the DC 
and direct the migration of the various DC subtypes |2|. Once 
in the T cell area of lymph nodes, chemokines attract naYve T 
cells toward the DC, enabling maximal exposure of the major 
histocompatability complex (iVII-lC)-presented peptide reper- 
toire to theT cells (Fig. 1). Adhesion molecules are crucial for 
all cellular interactions of the DC during its journey from hone 
marrow into blood, from blood into the peripheral tissues, and 



subsequently into lymphoid tissues. Adhesion receptons and 
costimulatory molecules enable the establishment of contact 
between naVve T cells and DC, providing sufficient stability to 
allow scamiing of the MHC class ll-peptide complexes and to 
induce T cell receptor (TCR) triggering. Recently, many new 
cell-surface molecules have been identified on DC that may 
contribute to their function in controlling innate <is well as 
adaptive immunity. In particular, a large divei*sity of C-type 
lectins has been identified on DC: some of these regulate 
pathogen lecognition while others regulate signaling or cellular 
interactions such as DC migration and T-cell binding. This 
illustrates that C-type lectins regulate many DC functions 
involved in establishing iiniate and adaptive immunity. Some 
of these C-type lectins are not expressed exclusively by DC, 
but are also expressed by macrophages that participate in 
immune activation, whereas others are DC-specific and medi- 
ate only DC functions. 



DC-SIGN, A DC-SPECIFIC C-TYPE LECTIN 

Two years ago, we identified DC-SIGN, a novel DC-specific 
adhesion receptor on human DC, which is essential in several 
key functions throughout the life cycle of DC [3]. DC-SIGN was 
discovered by the observation that DC bind the intercellular 
adhesion molecule (ICAM)-3 (CD50) with veiy high affinity. 
Although ICAM-3, a member of the immunoglobulin (Ig) su- 
perfamily, was known to be a ligand for the p2 integrins 
lymphocyte function-associated antigen-1 (LFA-1; aLp2) and 
aDp2 [4], these receptors did not contribute to the binding 
activity of lCAM-3 by DC. By immunizing mice with human 
DC, we generated antibodies that blocked DC binding to 
ICAM-3 and thus identified a novel adhesion receptor on DC, 
which was named DC-specific lCAM-3-grabbing nonintegrin 
(DC-SIGN). These antibodies were used to further functionally 
characterize DC-SIGN [3]. 

DC-SIGN (CD209) is a type II transmembrane protein that, 
based on its structure, belongs to the C-type lectin family [3, 
5J. DC-SIGN contains a short, cytoplasmic N-terminal domain 
with several intracellular sorting motifs, an extracellular stalk 
of seven complete and one partial tandem repeat, and a C- 
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Fig. I . Role <)l DC in llie iintnmic syslcin. Prc.cmsor DC migtiUc ItDtn hlootl 
iiilo lissucs lo monitor ihcsc tissues againsi invading palliogcns. Upon entry, 
pathogens are sainpletl hy llicse inujiatiire DC. resiilling in tnaliiralion anil 
niigmtion of the maturing DC through the lymph inl»» the iymph<iiil tissues. 
Palhogen-clcrivud unligens arc prcsontetl hy the mature DC to naive T cells, 
ami antigen-specific T ccll.s are activated (oMowing TCR triggering. These T 
eelts pmlilcrate anil migrate into the compromised ti.ssues to perform their 
elTeetor functions. 

temiinal lectin or Ccul^ohydrate-recogiiition domain (CRD) [3. 
5]. IVIany C-lype lectins have been identified on DC: Type I 
niuhi-CRD lectins are represented by the niaimose receptor 
(MR) [6] and DEC-205 [7], and type II single-CRD lectins, by 
DC-SIGN, dectin-1, dectin-2, Langerin, BCDA-2, DCIR, 
DLEC, CLEC-1, and DC-ASGPR [3]. Within the CRD, the 
highly conserved EPN or QPD sequences are essential in 
recognizing niannose- and galaclose-containing structures, re- 
spectively. Most C-type lectins expressed by DC have speci- 
ficity for mannose-containing carbohydrates; however, each 
C-type lectin may recognize a unique branching and position- 
ing of mannose residues on a given pathogen or cell-surface 
structure. For example, the MR recognizes branch-end man- 
nose residues, whereas DC-SIGN recognizes high-niannose 
residues located more internally within a glycan structure [8]. 
Most C-type lectins on DC are pathogen recognition receptors 
that capture and deliver pathogens or their fragments into the 
antigen processing compartments that permit MMC class II- 
restricted presentation. Although the natural ligands and the 
carl:)ohydrate-speciric recognition of most C-lype lectins 
have not yel been identified, it is hypothesized thai these 
C-lype lectins regulate the capture of many different patho- 
gens, increasing the diversity and efficiency of antigen 
recognition by DC. 

Many C-type lectins are not expressed exclusively oti DC but 
are also expres.sed by other A PC such as macrophages. DC- 



SIGN is expressed by DC in vitro and in vivo [4]. It is 
expressed abundantly on monocyte- and CD34 -derived DC, 
as well as in vivo dermal DC of the skin, but not by Langerhans 
cells in the epidermis [3J. In vivo, DC-SIGN is expressed by 
inuiiature DC in peripheral tissue as well as on DC present in 
lymphoid (issues such as lyirtph nodes, tonsils, and spleen [3]. 
Two DC-SlGN-positive DC precursor populations that differ in 
CD14 expression were found to be present in peripheral blood 
[9]. Moreover, DC-SIGN expression has also been demon- 
strated on specialized A PC such as decidual macrophages and 
Hofbauer cells in the placenta [10, 11] and on alveolar mac- 
rophages in the lutig [12, 13 1. 

Our initial finding that DC-SIGN is a DC-specific adhesion 
receptor that mediates DC binding to lCAM-3 initiated our 
search for other ligands, in particular those that share struc- 
tural identity with ICAM-3 — two other members of (he Ig 
supeifamily, lCAM-1 (CD54) and ICAM-2 (CD102). Strikingly, 
DC-SIGN binds ICAM-2 but not !CAM-1, demonstrating a 
highly regulated recognition of its Ig ligands [9|. The inhibition 
of DC-SIGN function by mannan suggests that its interaction 
with its ligands is mediated by mannose-Iike carbohydrates [3]. 
Indeed, recent studies demonstrated (hat DC-SIGN can inter- 
act with high inannose-type oligosaccharides but not with 
single terniinal manno.se residues, which are recognized by the 
MR [3, 14]. The natural ligand of DC-SIGN on lymphocytes. 
ICAM-3, contains N-linked glycosylations consisting of high 
mannose-type oligosaccharides [15], and, indeed, enzymatic 
removal of the N-linked carbohydrates from ICAM-3 aI:)rogates 
its binding to DC-SIGN completely [16]. Although DC-SIGN 
has been demonstrated to interact specifically with unique 
purified oligosaccharide structures [14], the specific carbohy- 
drate structure it recognizes on ICAM-3 has yet to be identi- 
fied. Future research w'lW determine what particular glycosyl- 
ation site is recognized on ICAM-3 and how the glycosylation 
is regulated to provide recognition by DC-SIGN. 

DC-SIGN MEDIATES MIGRATION OF DC 
FROM BLOOD INTO TISSUES 

A fundamental aspect of DC function in controlling immunity 
is its capacity to migrate, providing a continuous surveillance 
for incoming foreign antigens and a prompt response to present 
the encountered antigens to T cells [1]. Precursor and imma- 
ture DC migrate from the blood into peripheral tissues in order 
to replenish resident DC or in response to inflammatoiT sig- 
nals. The egress Irom blood into tissues is regulated tightly and 
is njediated by a multistep process that involves leukocyte 
rolling, rapid activation of leukocyte, adhesion lo endothelial 
ligands through activated inlegrins, and diapedesis [17]. The 
interaction of leukocytes with the endothelial cells lining the 
blood vessels is an important control point in the egress. 
Rolling along the endothelial linings is mediated by the selec- 
tins on endothelial and leukocytes; select ins are also C-type 
lectins, which bind lo specific carbohydrates such as sialyl 
Lewis X (sLex) expressed on specialized cell-suiface receptors 
(Fig. 2). It is striking that we deiuonstrated that DC-SIGN 
mediates llie telliering and tolling of DC-SlGN-positive cells 
along ICAM-2-expressing surfaces [9]. ICAM-2 is expressed 
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Fig. 2. OC-SIGN controls many funclitMis of DC lo ulicil ininiiinc responses. Tlic egress of precursor DC (rtun blood into tissues is tnetliatcci parlly by DC-SIGN. 
DC-SICN lacilitutes rolling ant! transenclothelial migration ol DC-SIGN^ preeurs«)r DC. whereas arrest is rnecliatetl i)y iiitegrin-metliatetl interactions. DC-SIGN 
also functions as an antigen receptor. DC-SIGN internalizes rapidly upon binding soluble ligand and is targeted lo late endosomes/lysosomes, where antigens are 
processed and presented by MHC class II molecules. Moreover, initial DC-T-cell clustering, necessary ior an elficent itnnuiiie response, is medialcd by transient 
interactions between DC-SICN and lCAM-3. This interaction faeililates the lornialion of low-avidily LFA-I/ICAM-I interaction and scanning of the antigcn-MHC 
rupurloire. \\ is becoming clear that other C-type lectins also participate in lliosu processes. Sclcclins and ihe MR may rcgidalc DC migration. Many other C-lypc 
lcctrn.s on DC. .siieli as MR, DEC205. DC-ASPGR. BCDA-2. ami deetin-l, arc anligcn rcccplors lliul rccogiii/c various distinct carbohydrate-containing antigens. 
It has been postulated that dectin-t regulates T-eell priming, however its interaction with T cells is not carbohydrate-dependent. 



coiistilulively on the endotheliiitii oi blood and lyniphatic ves- 
sels as well as on high endothelial vascular cells and leuko- 
cytes. ICAlVI-2 plays a central role in mediating leukocyte 
recirculation as well as honiing into second a ly lymphoid tis- 
sues. Although DC-SIGN binds lo lCAM-2 and lCAiVl-3 under 
static condilions, only the DC-SIGN-ICAlVI-2 interaction re- 
sists shear stresses encountered under physiological flow con- 
ditions [9]. It is interesting that DC-SIGN behaves as a DC- 
specific rolling receplor for ICAM-2 and is functionally similar 
to the select it IS, which are well known for their regulation of 
leukocyte rolling on carbohydrate-.slructure recognition (Fig. 2) 
[18]. 

Besides having a function in the rolling of DC along blood 
vessel linings, DC-SIGN also mediates the adhesion of DC lo 
endothelium via ICAlVl-2 and their subsecjueni transendothe- 
lial migration [9], steps 2 and 3 in the multistep paradigm. 



respectively (Fig. 2). Blocking antibodies against DC-SIGN 
inhibit the migration of DC across resting endothelium, 
whereas a combination of blocking antibodies against DC- 
SIGN and pi and p2 integrins abrogates migration across 
activated endothelium completely [9]. DC also expresses 
LFA-1 , and this p2 inlegrin has a high affinity for ICAM-l and 
a lower affiinty for ICAM-2 [4]. Resting etidothelial cells 
express low levels of ICAlM-l, but after activation, ICAM-l is 
up-regulated and bound by LFA-L This explains ihe contri- 
bution of P2 integrins in the interaction of DC to activated 
endothelium |9J. iMoreover, vascular cell adhesion molecule- 1, 
is up-regulated, indicating that veiy lale anligen-4 (VLA-4) 
also participates [9J. Thus, DC-SIGN plays a role in the mi- 
gration of DC-SIGN-positive DC from blood inio tissues in 
order to replenish resident DC or in response lo inflammalory 
signals (Fig. 2). 
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DC-SIGN is up-regulated rapidly on monocytes in the pres- 
ence of granulocyte macrophage-colony stinuilaling factor and 
inlerieukin-4 |3]; thus, DC-SIGN up-regulation by cytokine 
mediators in response to inflammation may induce migration of 
precursor DC from blood into the peripheiy. The presence of 
DC-SIGN-posilive DC precursors in blood further suppoits the 
hypothesis that, under physiological circumstances, DC-SIGN- 
ICAM-2 interactions mediate rolling along endothelial linings, 
a function that is potentially important prior to transmigration 
of DC into the periphery [9]. These DC-SIGN-positive DC 
precursors could be poised to exit the blood at inflammatory 
sites, allowing rapid recruitment of these cells to sites where 
their surveillance function is needed. The high expression of 
DC-SIGN on immature DC in the peripheral tissues and the 
expression of 1CA1V1-2 on lymphatic vessels further support a 
central role for the DC-SIGN- ICAM-2 interaction in DC-spe- 
cific migration from blood into the peripheiy, whether inflamed 
or not, and subsequently, via the lymph into lymphatic tissues 
[4, 9]. Recently, it has been reported that the MR, another 
C-lype lectin, can recognize sLex structures presented on the 
endothelial cells and could thus contribute to the rolling in- 
teractions of DC 1 19]. The MR has been shown also to be 
expressed on lymphatic endothelial cells where it can inleract 
with L-selectin to mediate lymphocyte binding [20]. This il- 
lustrates that several lectin receptors, such as DC-SIGN, se- 
lectins, and possibly the MR, regulate rolling and migration, 
processes dependent on recognition of appropriate carbohy- 
drate structures. While DC-SIGN probably recognizes a high- 
mannose stiucture on lCAM-2 present on endothelial cells, the 
MR and seleclins mediate rolling upon recognition of endothe- 
lial receptors that present sLex structures. Tissue- restricted 
glycosylation of ICAM-2 or presentation of sLex may determine 
and regulate migration of DC to particular sites. Recently, 
tissue-restricted glycosylation has been demonstrated to regu- 
late select in-medialed, site-specific migration of leukocytes 
[21]. 

DC-SIGN FUNCTIONS AS AN ANTIGEN 
RECEPTOR 

In addition to DC-SIGN, DC express several other C-type 
lectins, such as the MR [6], DEC-205 [7], BCDA-2 [22], and 
DC-ASGPR [23], which function as pathogen recognition re- 
ceptors. These lectins interact with consei*ved molecular pat- 
terns shared by a large group of microbes and internalize these 
pathogens for processing and antigen presentation, thus initi- 
aling immune responses against a diversity of micro-organisms 
[24]. For example, the dectin-.l/p-glucan receptor has a high 
affinity for p-glucans and binds pathogens such as Saccharo- 
inycGs ceredsiae and Candida albicans [8], whereas the MR has 
multiple CRD that display a high affinity for terminal marmose 
residues on a variety of pathogens and antigens. This indicates 
a possible role for this receptor in the innate inimunily [25, 26]. 
The MR internalizes ligands constilulively into early endo- 
somes, where bound ligand is released, and recycles back to 
the cell surface, thus resulting in high amounts of internalized 
antigens and efficient antigen presentation by DC [27, 28]. This 
process is mediated by a lyrosine-based motif in the cytoplas- 



mic tail of the mannose receptor. In contrast, DEC-205 seems 
to internalize antigens to deeper endosomal compartments [7]. 
That DEC-205 internalizes antigens to more acidic compart- 
ments is a result of different amino acid motifs present in its 
cytoplasmic tail. In particular, a Iriacidic cluster allows it to 
internalize to lysosomes. In contrast to the MR, it is not yet 
known which carbohydrate and pathogen structures are recog- 
nized and internalized by DEC-205. The cytoplasmic tail of 
DC-SIGN contains three putative internalization motifs, and we 
have recently shown that DC-SIGN can i unci ion as an endo- 
cytic receptor (Fig. 2) [29]. Binding of soluble ligand to DC- 
SJGN induces rapid internalization from the cell suiface me- 
diated by a dileucine motif. Similar to DEC-205, DC-SIGN 
contains a triacidic cluster in its cytoplasmic tail, and accord- 
ingly, DC-SIGN-ligand complexes are targeted to lysosomal 
compartments where ligands are processed for MHC class II 
presentation to T cells, indicating an important function for 
DC-SIGN as an antigen receptor (Fig. 2) [29]. In contrast, 
BCDA-2 and dectin-2 do not contain any cytoplasmic inter- 
nalization motifs, yet, upon cross-linking, these receptor are 
internalized; their cytoplasmic tails may associate with adaptor 
proteins, which themselves have signaling capacity [30]. This 
indicates that the many C-type lectins expressed by DC can 
capture and process antigen. However, it is likely that each of 
these C-type lectins has distinct recognition profiles to bind 
specific ligands and pathogens, and certain pathogens might 
interact with more than one C-type lectin. The variety of C-lype 
lectin receptors on DC may be essential to elicit immune 
responses against a broad spectrum of pathogens, and it will be 
interesting to determine whether they can differently affect the 
outcome of an immune response. 

DC-SIGN IS INVOLVED IN THE INITIATION OF 
AN IMMUNE RESPONSE 

An immune response is initiated when the TCR on T cells 
recognizes peptides bound to MHC class TI molecules on the 
surface of APC such as DC. The initial interaction of T cells 
with DC is antigen-independent and allows scanning of the 
peptide-MHC class II complex repertoire by the TCR. This 
requires the formation of a specialized junction between these 
cells, the immunological synapse, which is generated by the 
carefully orchestrated recruitment of specific adhesion recep- 
tors into the contact site to strengthen DC-T cell contact (Fig. 
2) [31-33]. The abundance of appropriate MHC-peptide com- 
plexes is too low to mediate significant adhesion by itself, and 
thus adhesion molecules are es.sential for an efficient TCR 
engagement. The initial interaction is transient and allows 
rapid scanning of the MHC-peptide complexes by T cells. 
Several studies have suggested that lCAM-3, whicli is ex- 
pressed at high levels on resting T cells, might be import a nl in 
establishing these initial DC-T cell interactions [3, 34-38]. 
Recently, Montoya et al. [38] demonstrated that lCAM-3 is 
recruited in the contact region of APC with T cells. The 
observed clustering occurred rapidly after cell-cell contact, 
supporting a role for ICAM-3 in the early adhesive events. The 
counter-receptor for ICAM-3 on DC was originally thought lo 
be LFA-1. However, the P2 integrin LFA-l is inactive on DC 
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and is able to inleracl with ICAlVI-3 with a low affinity only 
after activation [3]. The cliscoveiy of DC-SIGN increased our 
understanding of the initiation and regulation of DC-T cell 
interactions. DC-SIGN has a high affinity for lCAM-3 and is 
the priniaiy receptor for this molecule on DC, as antibodies 
against DC-SIGN inhibit the DC-lCAM-3 interaction com- 
pletely [3]. Moreover, DC-SIGN is fully active on DC and does 
not need to be activated in contrast to LFA-] . The importance 
of DC-SIGN-ICAiM-3 interactions in the initial DC-T-cell con- 
tact is further emphasized by the potency of anti-DC-SIGN 
antibodies to inhibit DC-T cell clustering and DC-induced 
proliferation of resting T cells. The interaction of DC-SIGN 
with lCAM-3 is transient, allowing screening of the MHC- 
peptide complexes [3]. We propose a model in which the initial 
interaction of DC with resting T cells is mediated by the 
DC-SlGN-lCAM-3 interaction, followed by more stable DC-T 
cell contacts mediated through other adhesion molecules such 
as LFA-1 and LFA-3 (Fig. 2). The initial DC-SIGN-ICAM.3 
contacts stabilize intimate DC-T cell membrane contact tran- 
siently to enable efficient TCR engagement. The transient 
nature of the DC-SIGN-ICAiM-3 interactions enables DC to 
interact with a large number of resting T cells until productive 
TCR engagement is obtained. TCR signaling increases the 
avidity of LFA-1 and CD2, thereby strengthening the interac- 
tion between DC and V cell via multiple adhesive contacts 
through LFA-1 and LFA-3 that provide further positional sta- 
bility and full activation of the T cell by the DC (Fig. 2) [4, 33]. 
To date, DC-SIGN is the only C-type lectin on DC that exhibits 
a strong adhesion function. Recently, murine declin-1 and its 
human homologue the (3-glucan receptor [39, 40] have been 
mentioned as C-lype lectins that regulate T cell binding and/or 
costimulation of T cells. However, the mechanism by which the 
l^-glucan receptor interacts with T cells is unknown. 

DC-SIGN AS A NOVEL HIV-1 RECEPTOR 

The identification of DC-SIGN as a DC-specific adhesion re- 
ceptor [41] revealed its 100% identity to the previously cloned 
HIV-1 envelope-binding C-type lectin [5] and initiated a de- 
tailed investigation into the function of DC-SIGN as an Hl V-1 
receptor on DC [41]. Early work revealed that DC pulsed with 
HIV-1 promote a robust infection of cocultivated T cells [42, 
43]. This property of DC to enhance infection of T cells was 
defined molecularly 8 years later when DC-SIGN was identified 
as the HIV-1 trans receptor on DC [41]. The affinity of DC- 
SIGN for the HIV-1 envelope glycoprotein gpl20 exceeds that 
of CD4 [5], but, in contrast to CD4, DC-SIGN does not function 
as a classical HIV-1 entiy receptor; coexpression of DC-SIGN 
with CD4 or CCR5 does not enable HlV-1 entry into HlV-1 
nonpermissive cells [41]. In contrast, DC-SIGN acts as an 
HIV-1 trans receptor that binds HIV-1 and transmits it veiy 
efficiently to neighboring permissive target cells [41]. DC- 
SIGN expressed on DC and on transfectanls binds RS- and 
X4-tropic HIV-1, HIV-2, and simian immunodeficiency vims 
and transmits these vinises to recipient T cells resulting in an 
efficient infection of T cells [41]. So far, no differences in 
affinity of DC-SIGN for R5- or X4-tropic strains have been 
demonstrated, which could explain the selective infection by 



R5-tropic strains in sexual transmission of HIV-1 [44]. Strik- 
ingly, DC-SIGN does not only capture and transmit HIV-1, but 
also enhances infection of T cells; at low virus titers, CD4/ 
CCR5-expressing cells are not detectably infected without the 
assistance of DC-SIGN in trans [41]. Conditions in which the 
number of HlV-1 particles is limiting are likely to resemble 
those found early during infection in vivo, which suggests that 
DC-SIGN is iequired not only for MIV-1 transmission from 
mucosa to lymphoid tissues, but also for efficient infection of T 
cells. The binding of HlV-1 to DC-SIGN alone is not sufficient 
for transmission of HIV-1, as HlV-1 binding and transfer by 
DC-SIGN have been shown to be dissociated functions [45]. 

To date, DC-SIGN is um'c|ue in this function as it not only 
binds HIV-1 gpl20, but also enhances the HlV-1 infection of 
T cells in trans [41]. The process through which DC-SIGN 
promotes elficieiit infection in trans of cells through their 
CD4/chemokine receptor complex remains unclear. Binding of 
the viral envelope glycoprotein to DC-SIGN may induce a 
conformational change in gpl20 that enables a more efficient 
interciction with CD4 and/or the cheinokine receptor and sub- 
sequent membrane fusion with T cells. Alternatively, binding 
of viral particles to DC-SIGN may focus or concentrate the 
virus particles at the surface of the DC and may thus increase 
the probability that entiy will occur after binding to the CD4 
and coreceptor complex on target cells. The potency of DC- 
SIGN to capture and transmit HIV to T cells may largely 
depend on the membrane organization of DC-SIGN in rafts or 
its capacity to multimerize [17]. Future experiments will de- 
termine the molecular mechanism by which DC-SIGN en- 
hances the inlection of T cells and will elucidate whether a 
diversity in multimerization and membrane organization of 
DC-SIGN is instmmenlal for its function as an HlV-1 trans 
receptor. 

Whereas DC-SlGN-bound ligand is internalized for process- 
ing in degradation compailments, we previously demonstrated 
that HIV-1 bound to DC-SIGN is remarkably stable and retains 
infect ivity for prolonged periods (Fig, 3) [41]. Our initial 
experiments, attempting enzymatic digestion of cell surface- 
bound HIV-L demonstrated that HlV-1 is protected and prob- 
ably "hides'' within the cell close to the cell membrane without 
being degraded. In agreement with these results, Kwon et al. 
[46] shows in a recent paper that HlV-1 is indeed internalized 
upon binding to DC-SIGN into nonlysosomal acidic organelles 
(Fig. 3). Neutralizing the pH of these compartments or pre- 
venting internalization by deletion of the cytoplasmic tail of 
DC-SIGN abrogates DC-SIGN-mediated, enhanced trans infec- 
tion of T cells, indicating that internalization of HlV-1 is 
crucial for DC-SI GN-mediated enhancement of the infection of 
T cells [46]. The question still remains as to how intact HIV-1 
virions escape targeting to lysosomes as occurs for other DC- 
SIGN-ligands [29] and how they can protect themselves against 
processing and presentation. It is interesting that in mature 
DC, DC-SIGN is targeted to early endosomal compartments in 
which HIV-1 would be protected against degradation [29], 
suggesting that maturation of DC by HlV-1 may lead to its 
altered internalization. Identification of the mechanism by 
which HIV-l prevents degradation and remains highly infec- 
tious may lead to the development of successful strategies to 
combat HIV-1 dissemination. Moreover, finding a way to over- 
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sulting in cnluiiieud trans inlcelion of T cells. DC-SIGN biixling slabili/.es 
inCeclious HIV- 1 and enlianees Iruns infection of T cells. DC-SIGN can 
function as an antigen teccplot, but HIV- 1 escapes deep inlemaii/.alion and 
processing by preventing largcling to late endosomcs. Moreover, HIV- 1 Nef 
bhieks internalization of DC-SIGN, |)nssibly by interacting with Mic diluucinc 
motif in the cytoplasmic tail of DC-SIGN, resulting in an increasc<i cell-surface 
expression and increased HIV- 1 transmission to T cells. 



ricle this mechanism to target internalized DC-SJGN-HIV com- 
plexes to lysosoines would gieatly facililate HIV- 1 ptocessiiig 
in DC and would enhance specific anti-HlV-l iiiiinune re- 
sponses while reducing infection of T cells [29, 46]. 

To transmit HlV-1 to T lymphocytes, virions internalized by 
DC-SIGN should recycle back to the cell surface in oider to 
contact enti7 receptoi-s on the target cell [41]. The mechanism 
of virus recycling and whether this process is constitutively 
active or regulated remain to be determined. Interestingly, we 
have recently shown that the Nef protein of HlV-l affects the 
intracellular trafficking of DC-SIGN (Fig, 3). Nef is crucial for 
viral replication, including DC-T cell binding [47]. In addition, 
Nef can interact with the cell-sorting machineiT to down- 
regulate expression levels of CD4 and MlIC class 1 and thus 
facilitate innriune evasion [48]. Expression of Nef in immature 
DC results in a redistiibution of DC-SIGN to the cell surface- 
thus reducing DC-SIGN itilernalization iti favor of cell suiface 
expression and facilitating increased cell adhesion atid virus 
transtnission to T cells [49]. Redistribution of DC-SIGN re- 
quires the dileucine motif iti the cytoplasmic tail of" DC-SIGN 
as well as a dileucine motif in Nef, indicating that Nef itUer- 
feres with recogtiilion of DC-SIGN by the sorting machinery 
(Fig, 3) [49]. The relocalizatioti of DC-SIGN to the cell surface 
by Nef could play an important role in recycling DC-SIGN- 
intenialized HIV particles to allow transmission to target T 
cells. 



DC-SIGN INTERACTION WITH ICAM-3 IN 
CONTRAST TO gp120 IS CARBOHYDRATE- 
DEPENDENT 

Detailed information about the mechanistii of ligand binding is 
crucial for the development of specific DC-SIGN-based inhib- 
itor and/or Vciccines. The ICAlVI-3 binding activity of DC- 
SIGN is calcium-dependent- and DC-SIGN binds two Ca^ ' 
ions [3, 5]: one calcium ion is cssetitial for the tertiary struc- 
ture, and the other calcium coordinates ligand binding [8, 16], 
similar to other C-type lectins [24]. The interaction of DC- 
SIGN with HIV-1, iCAM-2, and 1CA1V1-3 is blocked by the 
polycarbohydrate mannan [3, 9, 41]. 

The HIV-1 envelope glycopiotein gpl20 is also heavily 
glycosylated and contains high mamiose-type oligosaccharides 
[50, 51]. Strikingly, although glycosylation seems to enhance 
the affinity of gpl20 binding, neither 0- nor N-linked glyco- 
sylations are vital for the interaction of the HI V-1 gpl20 with 
DC-SIGN, as DC-SIGN interacts with enzymalically degly- 
cosylated and nonglycosylated gpl20 [16]. Therefore, the in- 
teraction of DC-SIGN with gpl20 differs from that with 
lCAM-3, indicating different binding sites for lCAM-3 and 
HIV-1 gpl20 in DC-SIGN; the C-type lectin DC-SIGN inter- 
acts with its ligands through carbohydrate interactions, such as 
those with mannan and lCAM-3, or through protein interac- 
tions, such as with gpl20. However, the polycaibohydrate 
mannan is able to inhibit ICAiVI-3 and gpl20 binding to 
DC-SIGN by occupyitig the binding site of DC-SIGN, suggest- 
ing that the carbohydrate and protein interactions to DC-SIGN 
are mediated by overlapping but distinct binding sites in 
DC-SIGN. 

The interaction of lCAM-2 with DC-SIGN is also mediated 
by glycosylation similar to ICAM-3 and suggests a similar 
interaction in the different ICAM molecules (T.G., unpublished 
lesults). This is demonstrated further by the observation that 
DC-SIGN interacts with the second Ig domain of ICAlVl-2 and 
lCAM-3 (T.G., unpublished results). It is striking that DC- 
SI GN-positive cells are able to tether to and roll on ICAM-2 in 
contrast to ICAM-3 suifaces [9]. Thus, DC-SIGN interacts 
differently with lCAM-2 than with ICAM-3 even though the 
interactions share similar features. Possibly, the recognized 
carbohydrate structure and different size of the ICAM mole- 
cules determine the manner of interaction. 



THE STRUCTURE OF DC-SIGN AND ITS 
DISTINCT BINDING SITES FOR gp120 
AND ICAM 

Recent elucidation of the three-dimensional structure of DC- 
SIGN cociyst alii zed with an oligosaccharide identified several 
important features of ligand binding by DC-SIGN [8]. Part of 
the pentasaccharide ligand forms coordination bonds with the 
Ca^"*' at the principal site 2 [8]. Carbohydrate binding by 
DC-SIGN is mediated by the amino acid residues that are also 
in close contact with this Ca^ ' and that form the core of the 
caibohydrate binding site (Fig. 4). This type of binding is a 
hallmark of C-lype lectin-carbohydrale interactions [52]. How- 
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Fig. 4. The: priiiuny ligarul-bindin}^ she in DC-SIGN is Inualcd at llic lop ol" 
ihc C-lypc loci In ilnmain and liiclndos llic Ca"^"*" al silc 2. Shnwii is lluj 
molecular model ol* llic ligand-hiiiding site, the Ca^ ' sile 2, and ihe Val *'"'' 
amino acid residue in DC-SIGN. VUc four amino aeid residues, Gln'^'', Asn'*'*^. 
Ctu'^ '', an<l Asn'^'"", a ctMudinale binding of die Ca^ ' ion, anil all eonlribiile lo 
the biniling of d»e ligand Unough liytlrogen bonding via acidic or amide gnmps. 
The Val'^*' amino aciil resi<)iie is invidved in ICAM-3 biil no! in gpl20 
binding. 

ever, the DC-SIGN interaction with carbohydrate ligands also 
has some unique characteristics compared with that of other 
C-type lectins [8]. Most C-type lectins, such as mannose bind- 
ing protein A, iiileracl with a single terminal mannose or 
GlcNAc residue in an oligosaccharide ligand, and the rest of 
the oligosaccharide points away from the surface of the protein 
[8]. In contrast, DC-SIGN binds an internal mannose of the 
oligosaccharide, and the external saccharides also interact with 
the surface of DC-SIGN [8]. Although the three-dimensional 
structure ol DC -SIGN with an oligosaccharide revealed several 
important features of DC-SIGN binding [8], the interaction with 
its natural ligands is more complex as it is not only mediated 
by carbohydrate structures [16]. 

Even though the nature of the interaction of DC-SIGN with 
gpl20 diffei's from that with lCAIVI-3, site-directed mutagene- 
sis demonstrates that gpl20 and lCAiVI-3 binding by DC-SIGN 
is mediated by the Ca^"*" at site 2 and nearby amino acid 
residues that also serve as Ca^"^ ligands (Fig. 4) [16]. The 
auxiliaiy Ca^ ^ bound at site 1 probably correctly orients the 
primaiy binding site, and indeed, removal of this Ca^^ by 
mutagenesis abrogates lCAM-3 and HlV-1 binding completely 
[16]. The importance of the calcium ions is underscored by the 
finding that the epitopes of the blocking antibodies against 
DC-SIGN and AZN-Dl and -D2 are located al the Ca^**" sites 
[16]. 

The differences in carbohydrate dependency suggest that 
gpl20 binding by DC-SIGN differs from ICAlVI-3 binding. The 
three-dimensional structure of DC-SIGN with the pentasaccha- 
ride shows that the Val"**^' residue in DC-SIGN participates in 
carbohydrate binding through van der Waals' interactions [8]. 
We have demonstrated that this Val'^'^' in DC-SIGN denotes 
the difference between the interaction of DC-SIGN with gpl20 
and ICAlVl-3 (Fig. 4) [16]. The Val"^*'^' residue is important in 



binding carbohydrates and ICAlVI-3, but it is not essential for 
gpl20 binding as the V.^c;,G mutant of DC-SIGN still interacts 
with gpl20 but is unable to bind ICAlVI-3 [16]. These data 
confirm that the interaction of DC-SIGN with ICAM-3, in 
contrast with that of gpl20, is carbohydrate-dependent. Thus, 
DC-SIGN has a distinct binding site for HIV-1 gpl20, which 
primarily mediates protein-protein interactions [16]. These 
findings indicate further that in ciddition lo the ligands inter- 
acting with the primaiT binding site centered around the Ca^ * 
at site 2, the ligands form additional contacts with the surface 
of DC-SIGN, thereby creating different ligand-binding sites for 
HIV-1 gpl20 and ICAiV1-3. Clustering of DC-SIGN al the cell 
surface in a novel tetrameric coiled-coil motif is suggested to 
contribute to a further increase in ligand binding specificity 
[14]. The different binding sites in human DC-SIGN for 
ICAIVI-3 and gpl20 are attractive taigets foi- therapeutic inter- 
vention of DC-induced immunity and HIV-1 dissemination by 
DC-SIGN, respectively. 



L-SIGN, THE HUMAN DC-SIGN HOMOLOGUE 

Initially, analysis of DC-SIGN expressiofi was confused by the 
presence of the DC-SIGN honjologue L-SlGN [53], also called 
DC-SlGN-related (DC-SIGNR) [54] (Table 1). L-SIGN func- 
tions as an HIV-1 Lrans receptor similarly to DC-SIGN, but is 
not expressed by DC (Pig. 5) [53]. Reverse Iranscriplase- 
polymerase chain reaction (RT-PCR) analysis of DC with L- 
SIGN-specific primers, as well as RNA blot analysis with 
L-SlGN-specific probes, failed lo identify any L-SIGN-specific 
products [53]. Moreover, no staining of L-SIGN on DC was 
found in vitro or in vivo using L-SlGN-specific antibodies 
(T.G., unpublished data). Recently, iVlummidi et al. [61] 
showed .thai mRNA encoding human DC-S1GN2, identical to 
L-SIGN, was present in DC as detected by RT-PCR. This 
discrepancy could result from the presence of contaminating 
L-SIGN-positive cells in DC preparations, as L-SIGN expres- 
sion can be induced on cells of myeloid origin (T.G., unpub- 
lished data). 

L-SIGN is expressed specifically by liver sinusoidal endo- 
thelial cells (LSEC) [62], a liver- resident A PC population [53, 
55], and by a specific subpopulation of nonendothelial, mac- 
rophage-like cells in lymph nodes (A.E., unpublished results) 
(Table 1). Liver sinusoids are specialized capillary vessels 
characterized by the presence of resident macrophages adher- 
ing to the endothelial lining. The LSEC-leukocyte interactions, 
which require expression of adhesion molecules on the cell 
surfaces, appear to constitute a central mechanism of periph- 
eral immune surveillance in the liver. The MR, MHC class II, 
and cost imu I at 017 receptors such as CD80 and CD86 are 
known lo be expressed on I^EC and to mediate the clearance 
of many potentially antigenic proteins from the circulation in a 
maimer similar to DC in lymphoid organs [62]. L-SIGN may fit 
into this calegon' of receptors on I.5EC, as ils tissue location 
and ligand-binding properties strongly iniplicate a physiologi- 
cal role for this receptor in antigen clearance as well as in 
LSEC-Ieukocyle adhesion (Fig. 5). The high expression • of 
ICAiVI-3 on apoptotic cells [63] may provide the means by 
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TABLE 1. Expression of DC-SIGN Homologiies in Human, Primate, anil Mouse 



Species 


Keceplor 


Tissue expression 


Specific expression 


Function 


References 


Human 


DC-SICN 


Lyniplioitl organs, dennis, 


DC, Hofl^auer cells, 


HIV-I, ICAM-2, 


[3, 9-13, 4,1, 44] 






mucosae, intesline, 


decidual Mc|), 


ILAM-o 






placenta, lun|^, blotxl 


alveolar M(|) 








L-SIGN/DC-SICNR 


LiVpr Ivinnli nitiiH itiMci^iitii 




1.1 IV 1 IP AM 9 

IP A M '-i 


[53-55] 


Pri mate 




ijVmpli node, spleen, mucosae, 
intestine 


nr M*K 


HI V-1, ILAtNI-ii, 
lCAM-3 


re/: roi 




L-SIGN 




i^j 11, L. 


n(.l 




Mouse 


niDC-SIGN 






•1.1 


[59, 60] 








cells (mRNA 










levels) 








SIGNR] 


Spleen, liver, lymph node 


LSEC, MZM 


HIV-1, lCAM-2. 

lCAM-3 


[59] (un|>ul>lished 
results) 




SIGNR2-4 


Spleen {R3, R4), testis (R2. 


DC, B and T cells 


nd 


[59] 






R4; mRNA levels) 


(R2. R:3; mRNA 
levtils) 





M<|>, Macrophages; iid, not dclcnninud: MZ-VI, ninrginal z«nic nuicrophugcs: " Rhesus nuicaqiic anti chimpanzee. 



which these cells are trapped by L-SIGN-expressiiig cells in 
the liver and subsequently cleared. 

The expression pattern of L-SlGN in liver sinusoids suggests 
that LSEC, which are in continual contact with circulating 
leukocytes, can capture H1V-] iioni the blood and promote 
trans infection of circulating T cells in the liver. Moreover, 
previous studies have indicated that LSEC themselves may be 
susceptible to H I V-1 infection [64]. It is thus possible that 
L-SIGN promotes infection of these cells, thereby establishing 
a reservoir for new virus to pass on to T cells, trafficking 
constitutively through the liver sinusoid. Its expression in 
lymph nodes suggests that L-SIGN may play an additional role 




Fiy. 5. The C-lype leelins DC-SICN and L-SICN are expressed l)y differeni 
APC hiii interact wilh sitnilar iigands artd pathogens. DC-SICN expression is 
reslrieled In DC, whereas L-SICN is expressed by lisKC and speeihe niaern- 
pliages in I lie lymph nodes hiil nol by DC. Bolli C-lypc leelins inlerael wilh 
sintilar ligands, which indicaled lhat ihoy inlerael wilh similar patliogcns and 
host culls. Their iiffinily for oarbohyd rales snggcsis lhal ihcy may inleriicl wilh 
pathogens ulhur ihun HIV-t. 



in HlV-1 pathogenesis by promoting 111 V-1 infection of T cells 
in lymph nodes; thus, L-SIGN may be involved in the persis- 
tence of chronic HI V-1 infections [53, 55]. L-SIGN could also 
be involved in vertical transmission because it is expressed in 
placenta [LI, 55J. Additional functional studies aie necessaiy 
for understanding the physiological role of L-SIGN and its 
possible role in HIV-1 pathogenesis (Fig. 5). 



MURINE HOMOLOGUES OF DC-SIGN 

The discovery of DC-SIGN led to moie information about 
processes such as DC migration and initiation of the immune 
response. However, all experiments to date have been per- 
formed in vitro, and a murine in vivo model would be veiy 
useful in a more detailed investigation into the in vivo function 
of DC-SIGN. Recently, five murine DC-SIGN homologues were 
identified by RT-PCR, and one, murine DC-SIGN, was ex- 
pressed at high mRNA levels in CDllc^ DC [59, 60] (Table 1). 
In contrast, the other cDNAs, designated SIGNRl-4, were 
hardly detectable in DC, but were detected at various mRNA 
levels in B and T cells by RT-PCR [59] (Table 1). 

One of these homologues, SlGNRl, was shown to bind 
HIV-1 and ICAiM-3 [56] (T.G., unpublished results). This 
murine homologue is expressed specifically by LSEC and by 
macrophages in spleen and lymph node, but not by DC (T.G., 
unpublished results) (Table 1), and thus is likely the murine 
L-SIGN homologue. SlGNRl has a high affinity for human 
lCAiM-3, yet mice do nol express lCAiM-3, and therefore bind- 
ing of SlGNRl to lCAM-3 is not physiological. However, 
SlGNRl is able to interact with murine ICAiVI-2 (T.G., unpub- 
lished results), wliich is expressed widely on murine lympho- 
cytes [65]. Thus, ICAlVI-2 could function as the leukocyte 
ligand for SICNRL mediating contact between I^EC and 
leukocytes in mice. Notably, CDllc"*" DC did not interact with 
soluble lCAM-2 as determined by an in situ adhesion assay 
(T.G,, unpublished results), despite these cells containing high 
levels of mDC-SICN mRNA [59, 60]. No specific adhesion 
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function has been tlemonsl rated for m DC-SIGN, which thus 
may have a different function to the human homologue. It is 
also possible that niDC-SIGN does not interact with ICAJVl-2 
but with as yet other unidentified ligands. Thus, the situation in 
mouse is much more complex than in human, and the expres- 
sion and function of the murine homologues of DC-SIGN need 
to be investigated further before a murine model can be inves- 
tigated productively. 

CONCLUDING REMARKS AND FUTURE 
DIRECTIONS 

Within the last few years, various C-lype lectins have been 
identified on DC. The pattern of C-type lectin expression 
depends on DC subset, matuiation, and activation state. Al- 
though C-type lectin receptors initially were thought to func- 
tion as scavenger receptors that bind various pathogens upon 
recognition of particular carbohydrate profiles, it has become 
clear from work on the C-type lectin DC-SIGN that some 
C-lype lectins may function as adhesion, signaling, or viral 
receptors. 

Many C-type lectins, including DC-SIGN, regulate the cap- 
ture of different pathogens, based on glycosylation, increasing 
the diversity and efficiency of antigen recognition by DC. It will 
be essential to understand how the heterogeneity of glycosyla- 
tions, recognized by DC-SIGN and other C-type lectins, is 
regulated at the cellular level and micro-milieu. An intriguing 
question that arises is: Do oligosaccharides on cellular ligands 
allow DC migration at specific sites as well as DC interactions 
to specific T cell subsets? Future research tiddressing carbo- 
hydrate recognition profiles by C-type lectins and the regula- 
tion of glycosylation on its cellular ligands will provide insight 
into how these cell suiface receptors mediate cellular interac- 
tions and regulate DC function. 

Similarly, the great diversity between cytoplasnn'c tails of 
DC-expressed C-type lectins that contain internalization mo- 
tifs, signaling motifs (ITIM and ITAM), hints to distinct regu- 
latoiy functions within the immune system. As little is known 
at this moment, it will be challenging to understand the func- 
tion of C-type lectins in signaling and communication to other 
cell suiface receptors on DC. 

Although DC-SIGN is an important adhesion receptor for DC 
migration and the initial DC-T-cell interaction, recent findings 
demonstrate that DC-SIGN, similar to other C-type lectins, also 
functions as an antigen receptor that captures antigens to 
facilitate processing and presentation by MHC class 11 mole- 
cules. Future research will determine the specific antigens for 
DC-SIGN. In relation to this, it will be extremely important to 
understand how HIV-I is internalized and protected within DC 
by its binding to DC-SIGN. The mechanisms by which HIV-1 
escapes the antigen presentation route of DC and by which it 
recycles back to the DC membrane and infects T cells in trans 
are not yet fidly understood, and these will be future questions 
that many researchers will want to answer. 

The elucidation of the three-dimensional structure of DC- 
SIGN cocrystallized with an oligosaccharide identified several 
important features of liganti binding by DC-SIGN. However, 
questions remain as DC-SIGN does not have a high affinity to 



the cociyslallized oligosaccharide. Moreover, binding to its 
natural ligands may be a result of more complex interactions. 
This is shown by the results that carbohydrates govern the 
recognition of ICAM-3 by DC-SIGN, whereas its interaction 
with gpl20 is carbohydrate- independent. Detailed information 
about the mechanism of ligand binding is crucial for the 
development of strategies to modulate DC-SIGN function and 
thus is an important aspect of DC biology. 

The DC-SIGN homologue L-SIGN is expressed specifically 
by LSEC and specific macrophages in the lymph nodes but not 
by DC. Investigation of its function will provide more insight 
into the role of these APC to have a lolerizing function in the 
innnune response. To date, the function of DC-SIGN and other 
DC-expressed C-type lectins is mainly based on in vitro mod- 
els. To understand the importance of these receptors on DC in 
driving immune responses, future research should focus on 
mouse models in which the in vivo function can be addressed. 
Although the murine homologues of DC-SIGN have been 
cloned, the complexity of splice variants and cell-specific 
expression demonstrates that the situation in mouse is more 
complex than in human. The expression and function of the 
murine homologues of DC-SIGN need to be investigated further 
before a murine model can be investigated productively. 
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